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r— ® Superconducting rectifier for the conversion of a 
^relatively low current from an alternating current sup- 
l^ply source into a relatively high direct current, es- 
OTsentially consisting of a transfomner. at least the 
secondary coil of which is constructed in semicon- 
^ ducting form, and superconducting switching nneans 
Ofor the passing of the alternating current induced in 
^the secondary transformer coil through a load, in 

Q. 

UJ 



which the superconducting switching means consist 
of a commutating part and a blocking part which 
function independently of each other and are con- 
nected in series, and in which the increase in resis- 
tance- (R) which the commutating part produces 
upon opening the switching means fulfils the con- 
dition 
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bsing appreciably lower than the rncrease in resis- 
tance v/hich the blocking paa produces upon open- 
ing ihe s-tvitching means. 



_R(N) 
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Superconducting rectifter for the conversion of a relatively low alternating current into a reiativelv high 

direct current 



The invention relates :o a superconducting rec- 
tifier for the conversion of s relatively low current 
from an alternating current power supply into a 
relatively high direct current, essentially consisting 
OT a transformer, at least the secondary coil of 
which is constructed in superconducting form, at 
least two superconducting switching means for the 
passing of the alternating current induced in the 
secondary transformer coil in one direction through 
a load, and electronic control and regulating switch- 
ing means. 

A superconducting rectifier of this type, in par- 
ticular for a flux pump. Is described inter alia in two 
articles by L.J.M. van de Klundert and H.H.J, ten 
Kate entitled "On fully superconducting reciifiers 
and flux pumps'" -a review -parr I: ''Realised meth- 
ods for pumping flux" in Cryogenics, 2i . 1981. 
pages 195-206 and pare il: "Communications 
modes, characteristics and switches" in Cryogen- 
ics, 21. 1981 pages 267-277, in particular pages 
275 and 27© for the switching means.. A rectifier of , 
this type is used for the conversion of the relatively, 
low current from an alternating current suppiy 
source into a relatively high direct current with 
which, inter alia. N.M.R. (Nuclear Magnetic Reso- 
nance), also known as M.R.t. (Magnetic Resonance 
Imaging), systems can be fed. See the anicle by 
M. Wood entitled "Superconducting magnets by 
N.M.R. imaging and In viva spectroscopy", which 
appeared in the proceedings of the ICEC 10, 
July/August 1 9S4, Finland. 

To make it possible to generate said high di- 
rect current, the secondary side of the supercori- 
ducting rectifier may in principle comprise two 
electric circuits and in particular an electric circuit 
to make it possible to maintain the direct current 
generated and an electdc current to. make It possir. 
ble to increase the direct current generated in 
steps. To this end each of the twa electric circuits * 
is opened or closed alternately by the respective 
superconducting switching means* which means 
that, for example, during operation as a supercon- 
ducting rectifier, ihe current is continuously com- 
pelled to change electric circuit i.e. to com mutate. 
The manner in which said commutation takes piace 
can be classified as resistive commutation and 
inductive commutation. 

In the case of resistive commutation the resis- 
tance of the eiectric circuit in which the current is 
flowing at that instant is increased by means of the 
respective known superconducting switching 
means in a manner such that the current decreases 
to zero or neariy zero and is taken over by the 
other electric circuit which at that instant is in the 



superconducting state. Although resistive com- 
mutation is a relatively simple method of com- 
mutation, it is subject to a number of drawbacks 
wnich are an obstacle to a widespread application. 
£ Thus, the maximum current change per unit time, 
the so-called dl/dt value in the connected circuit, 
also forms the limit of the maximum current 
Strength which can be achieved with resistive com- 
mutation. Said maximum d!/dt value determines in 
w particular the limit above which the circuit will leave 
the superconducting state and depends in particu- 
lar on the superconducting wire used- From the 
known design and material data it Is possible to 
calculate how large said dJ/dt value may be as a 
IS maximum in a particular circuit. However, this can 
aJso be determined by measurements In the re- 
spective circuit. The energy dissipation compared 
with inductive commutation will also be relatively 
high because for each commutation a quantity of 
20 energy in the eieciric circuit in which the current 
decreases to zero is dissipated in. the circuit. 

The resistance in the electric circuit must fur- 
ther comply with two opposite requirements. During 
pumping, i.e. in the currentless state of the electric 
25 circuit the resistance must be sufficiently high to 
obtain as low a dissipation as possible. For the 
commutation, on the other hand, it is precisely a 
low resistance which is desired to keep the current 
change per unit time, or the di/dt value, within the 
30 limits imposed during the commutation. The reason 
for this is that if the current change per unit time is 
too large, said dl/dt value will become so large that 
the conductors leave their superconducting state. 
Said disadvantages of resistive commutation 
35 will not occur in inductive commutation because in 
this case, by means of a voltage change applied to 
the primary transformer side, a secondary current 
is induced in the electric circuit such that the latter 
causes the current flowing' therein to decrease to 
40 zero while the associated time interval can at the 
same time be adjusted so that the maximum dl/dt 
value will not be exceeded. 

In order to achieve this, the instantaneous cur- 
rent in the secondary circuit is now measured and 
45 the voltage change on the primary transformer side 
is dimensioned in time and magnitude in a manner 
such that the current induced on the secondary 
side as a result thereof completely or vinualiy 
completely corresponds to the measured instanta- 
50 neous current, if the induced current is precisely 
equal to the instantaneous current, the commuta- 
tion loss will be zero. In practice, however, this is 
not always readily achievable and some commuta- 
tion loss will therefore occur. In the event of a 
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faulv/ current measurement anc/or feed back, even 
the maximum permissible dl/di value may never- 
theless again be exceeded in Lhe e^ctreme cese. as 
a result of which the conductors leave their super- 
conducting state. 

A considerable disadvantage in the case of 
inductive commutation is therefore that means 
must be present to make it possible to determine 
the instantaneous current in the secondary circuit 
as accurately as possible and that means must be 
present to convert the magnitude of the measured 
current into a pnmary voltage change correspond- 
ing as precisely as possible thereto. In general, 
said means comprise complicated electronic cir- 
cuits. 

The object of the invention is therefore to pro- 
vide a superconducting rectifier of the type men- 
tioned in the introduction In which: 



IS 



-no current measurement is necsssap/ *or the ccm- 
mutation, 

-the commutation loss is low. 

-during the opened, blocking state of the sv^itching 
means a sufficiently high resistance is present, 

-the switching frequency is equal to or higher than 
that of inductive commutation. 

To this end the invention is characterized in 
that the superconducting switching means each 
consist of a commutating part and a blocking part 
which function independently of each other and are 
connected in series, the continuous or discontinu- 
ous increase in resistance which the commutating 
part produces in the opening state of the switching 
means fulfiliing the condition 



-the dl/dt value of the circuit is sufficiently low. 



20 



dc 



L eff 



and being appreciably lower than the increase in 
resistance which the blocking part produces in the oo 
opening state of the switching means, wherein: 

R - the resistance of the commutating part, 

dl/dt = the maximum permissible current change 3$ 
per unit time: to be determined by measurement 
and/or material and design data, 

U^ff = the effective inductance encountered in the 
circuit, 4*0 

') = "the- instantaneous value ot the* charging cur- " 
rent. 

To achieve as high a switching frequency as 
possible, in the superconducting recttfier according 
to the invention, the time duration between the 
instant at which the increase tn resistance pro- 



duced by the commutating part is introduced into 
the circuit and the instant at which the incresse in 
resrstancs produced by the blocking part is Intro- 
duced into the circuit is a maximum of two to three 
times the time constant of the respective circuit. 

To increase the efficiency of the superconduc- 
ting cectifier according to the invention further, the 
primary side of the transformer is short-circuited 
during the commutation. 

In an embodiment of the superconducting recti- 
fier according to the invention, the commutating 
and blocking parts are connected in series, and the 
commutating part comprises a superconducting 
section and, connected in paraU'el- therewith, a non- 
superconducting section which has a resistance 
value of 



I. eff 



xoax 



The invention will now be explained in more 
detail by reference to the drawing wherein: 



ss 



Rgure 1 is the diagrammatic representation of 
a known half-wave rectifier, 
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Figure 2 is the Giagramrr.sric representation of 
a known fuil-vvave rectifier. 

Figure 3 fs ihe diagram mane representaiion of 
a fufl-wave superconducting reciifier sccorcJmg to 
the invention, 

^ 5 

rigure 4 fs the diagrammatic representation of 
a modified embodiment of a superconducting recti- 
fier according to the invention, and 

Rgure 5 shows the primary current curve for a 
superconducting rectifier according to Rgure 4. to 

In Rgure 1, which shows the diaorammatlc 
representation of a half-wave superconducting rec- 
tifier for. for example, a flux pump, the transformer 
(S indicated by 1, the superconducting switching 
means by 2 and 3 respectively and a superconduc- 75 
ting lead by 4, If a voltage is now connected to the 
primary side of the transformer 1 . this will result in 
an induced current i on the secondary side. 

If the switch 2 is now closed and the switch 3 
(S opened, then the current I will flow through a 20 
super conducting circuit which is formed by the 
switch 2, the coil 4 and the secondary winding of 
the transformer T. As soon as the primary current 
Ip has reached the maximum and requires to 
change direction, switch 3 is closed and switch 2 55 
opened- in sequence. The cun-ent I will now con- 
tinue to flow only in the superconducting, circuit 
formed by ihe switch 3 and the coil 4. 

The time during which the current flows 
through the first-named or the last-named circuit 5:7 
can be defined as a pump cycle or the main- 
tenance cycle, respectiveiy, of the flux pump, in 
the pump cycle a certain value is therefore always 
added to the current i already generated and main- 
tained. In Rgure i the pump cycle, apart from the 35 
t»me which is necessary for the total commutation 
process, will therefore correspond to half of the 
frequency of the aiternating voltage connected to 
the primary side of the transformer 1 . 

m order to increase the rate at which a certain 
current strength to be generated can be reached, 
use may be made of the fui^wave superconducting ■ 
rectifier as ts. shown diagrammatic ally in Figure 2. 
Here again the current f will flow in turn through 
two superconducting circuits, in particular, formed 4S 
by the secondary winding 1 a, the switch 2 and th© 
coil 4, or respectively the secondary winding lb 
the switch 3 and the coil 4. In fact, with the except * 
tion of the commutation period a pump cycle takes 
place during the entire cycle time of the alternating so 
voltag connected to the primary side of the trans- 
Torm r 1, and the current already generated is thus 
continuously increased. Here, therefore, the main- 
tenance cycle such as is haif-wave rectification is 
missing. 

55 



!f the commutation in Rguro 2 -esi---:ve 
•^hen the current I cecreas-s to zero. Ve switch 
wn/cn wes opened, for example switch 3. wiii Ur^ 
be Closed and in succession the closed switch 2 
WW) be opened. Ail this means that in one c^rcu^^ 
he resistance is reduced virtuaiiy to zero and in 
the other circuit through which the current flows 
the resistance is sharply increased. Tne result is 
That the current in one circuit is turned off and 
pursues its path via the other circuit. As has been 
noted above, a relatively large commuration loss 
occurs in this method. 

As can be seen from Rgure 3. according to the 
invention the switching means 2 or 3 respectively 
are composed of a commutating part 2a or 3a 
respectively having a iow resistance and. connect- 
ed in series therewith, a blocking part 2b or 3b 
respectively having a high resistance. If now, for 
example, the current is commutated from the cir^ 
cuit in which the switching means 2a. 2b are incor^ 
porated to the circuit in which the switching means 
3a, 3b are incorporated, the opened switching 
means 3a. 3b wiH first be closed. Then the corn- 
mutating part 2a of the switching means 2 is 
opened and the current, as a result of the increase 
in resistance, will be commutated from this circuit 
to -the superconducting circuit in which the switch^ 
rng means 3a, 3b are closed and in which the 
resistance is therefore virtually zero. When the 
current in said circuit has fallen in this manner to a 
level at which, regardless of the magnitude of the 
resistance to be introduced and the rate at which 
this occurs, the maximum di/dt value can no longer 
be exceeded, ttie blocking part 2b is ooened So 
that as a consequence of the large increase in 
resistance, the residual current is commutated out 
of this circuit 

Because the various functions of the switching 
means are separated in the superconducting recti- 
fier according to the invention, the opposite re- 
quirements mentioned in the introduction can al- 
ways- be- fulfilled and. on the one hand, the maxi- 
mum permitted dl/dt value will therefore never be • 
-exceeded and. on the other hand, the dissipation 
loss will be smalf. whiie at the same time the same 
pump frequency as usual remains possible. The 
superconducting rectifier according 10 the invention 
is thus simpler in construction, therefore more reli- 
able, and has at the same time aJso the same 
power as the superconducting rectifiers common 
hitherto. 

Rgure 4 shows diagrammatically how the com* 
mutating part of the superconducting switching 
means can be constructed in practice. 
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I ng cammuiating part 2a consists in this case 
of a superconducting part S and, connected in 
paraliel therewith, a normal conductDr N which has 
Lhe specified resisance according to the invention, 

viz. 



wherein: 



/<il\ L eff 



rs 

R = the resistance of the commutating part Za, 

i-e. the normal conductor 

dl 

dt = the max-jmum permissible current change per unit 
time; to he determined by measurement and/or 
material and- design data, 

*-eff =^ eff-ective in-du-ctanc-e encountered' in the- cir- 

cuit, 

I = the instantaneous value of the charging current. 



The part S forms a- component of the super- 
conducting circuit and is drmenstoned, for example 
by giving the length I and the diameter d a particu- 
lar value, in a manner such that the resistance of S 
in the normal, non superconducting state is much 
larger than that of N. 

In the superconducting state of S, i.e. in the 
closed state of the superconducting switching 
means, the resistance of S is virtually zero and the 
current I will flow in its entirety tfirough the section 
S. During the commutation, S is taken out of the 
superconducting state, as a result of which the 
resistance of S becomes much greater than that of 
N, wrth the result that the current I w:II now start to 
flow virtually compfeteiy ttirough the normal con- 
ductor N. In said situation the resistance in the 
circuit is therefore virtually completely determined 
by the resistance R of the normal conductor N. 

For the purpose of clarfncation Rgure 5 shows 
the curve of the primary current in a superconduc- 
ting rectifier according to the invention used in a 
flux pump having the circuit as shown in Rgure 4. 
In this case a linearly increasing and decreasing 



current curve cyciicaily passing through zero has 
faeerr assumed. Of course, various current forms 
are possible and the current curve of Rgure 5 is 
only given by way of example. 

In Rgure 5 the time is plotted on the horizontal 
axis. Let us suppose that at the instant in time ta 
the switching means 2a, 2b in Rgure 3 are cJosed. 
At the instant in time t,. i.e. at the end of the pump 
stroke, the switching means 3a, 3b will first ba 
closed so that the other cin^uit is made ready to be 
able to take over the current I. " " 

To be certain that the switching means 3a. 3b 
will be closed, the opening of the switching means 
2a, 2b is delayed until the instant in time ti- At sard 
instant in time U the commutating part 2a is 
opened and the resistance R of said commutating 
part 2a is therefor© introduced into the circuit 
When at the instant in time t, the current \ has 
decreased sufficiently, the resistance of the bloc- 
king part 2b is introduced into the circuit. Only 
when, at the instant in time t*. the full resistance of 
the blocking part 2b has been incorporated in the 
circuit, will it be possible for pumping to start for 
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10 



:'-ie circuit m v^nlch the switching means 3a, 2b are 
-r.corporatec. At :ne end oi the pump stroke, i.s. at 
the instant 'n time the same cycle sians for the 
ether circuit- 
To reauce the energy dissfpaxion. in the sup r- 
conducting rectrfier according to the invention the 
voltage on the primary side of the transformer is 
kept equal to zero from the instant the increase in 
-esistance produced by the commutating parr is 
introduced into the circuit until the instant when the 



increase in resisranca produced by the blocking 
PB.-r IS fuily incorporai-c; in the circuit For this 
purpose, the primar/ sioe of the trsnsformer may 
be shon^circ-ited in Figure 5 from the insiant n 
s tf'me t; TO and tc to t*. 

This short circuiting globally reduces the effec- 
tive rnduciion from L.^^ to L ef, - Uecd 

Here k is the coupling coeffic/ent of the trans- 
former which is defined by: 

TO 



k « 



wherein: 

M represents the mutual inductance of the trans- 
former, 

t-sec represents the secondary inductance of the 
transformer, 

represents the primary inductance- of the-lran$- 
former, 

and where it is also the case that: 0 ^ k s 1. 

Tbe invention is obviously not limited to the 
rectifying circuits shown and discussed and can, 
for example," also be used in a full-wav© rectifier 
bridge according to Hgure 18 or the rectifier circuit 
according to Rgure 19 of part II of the paper 
mentioned on page i- 



Claims 

1. Superconducting rectifier for the conversion 
of a relatively low current from an alternating cur- 
rent supply source inio a relatively high direct 
current essentially consisting of a transformer, at 
least the secondary coil of which is constructed in 
semiconducting form, at (east two superconducting 
switching means for ihe passing of the alternating 
cun-ent induced in the secondary transformer coil 
in one direction through a load, and electronic 
control and regulating switching means, character- 
ized In that the superconducting switching means 
each consist of a commutating part and a blocking 
part which function independently of each other 
and are connected in series, the continuous or 
discontinuous increase- in res/siance which the 
commutating part produces in the opening state of 
the switching means fulfilling the condition 



L eff 



and being appreciably lower than the increase in 
resistance which the blocking part produces during 
the opening staie of the switching means, wherefn: 



50 
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12 



= the 



resistance of the commutating part. 



d I 

dt = the maximum permissible current change per unit 
t-rme; to be determined by measurement and/or 
maTieriaL and design data^ 

Lgff = the effective inductance encountered in the 
circuity 

X = the instantaneous value of the charging current. 

2. Superconducting rectj'Tler according to Claim 
1. characterized in that the commutating part is 
composed of a superconducting part and contains, 
connected in parallel thereto, a normally conduct- 
ing part having a resistance of 

20 



L eff 



wherein the superconducting part in the closed 
siate of the superconducting switching means is 
superconducting and in the open state of the 
superconducting switching means has a resistance 
which is appreciably larger than that of a normal 
conductor connected in parallel thereto. 



30 



•35 



3. Superconducting rectifier according to Claim 
1 » characterized in that the increase in resistance of 
the com mutating part is continuous and for this 
purpose is dimensioned in a manner such that in 
the transition from the superconducting state to the 
normal state the associated increase in resistance 
always fulfils the abov© mentioned requirement 



/dl \ 1. e 



f£ 



max 



4-.- Superconducting rectifier according to Claim 
1 . characterized in that the blocking part is split* 
into several separate parts and in particular in a 
manner such that when the separate parts succes- 



sively tome into operation, the- total resfstance of 
the blocking part increases in steps and at the 
same time always fulfils the requirement: 



max 



I- eff 



5. Method for controlling a superconducting 
rectifier according to one of the preceding Claims, 
characterized in ' that between the instant of in- 
troduction af the increase in resistance produced 



55 



by the commutating part and the increase in resis- 
tance produced by the blocking part, a time 
elapses of two to three times the time constant of 
the connected circuit to be supplied. 
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6. tVlethod for controWina a suoerconduc^ina -ii.^ar,- 

rectifier according to one of ;he Claims "^4 ?;", t^^Z "c^e commutating part is introduced into 

Characterized in that the voltage on the anmlrv n,~pn -"''■2^'='^'=' » s^PP"eO until the 

Side Of the transformer is kaot equal to Tr^m ZIZ T^^'^ ^^^^^'^^^ 

the instant .hen the increase In resi^iVe "^^o"- . Z 'c^nntS^Jirru: "'"^'"^'^ '""'""'^ 



70 



75 



20 



25 



3S 



^5 



SO 



5$ 
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Tl - Superconductive switch. 

AB - A super conducting switch (1 ) whose electrical resistance is switched from 
zero to a high value suitable for the circuit containing the super conducting 
switch (1) by controlled overshoot of at least one of the critical values of the 
temperature, the magnetic field and the current loading, consists of fibrous 
conductors made of fibres provided with a superconducting layer. The fibrous 
conductors are surrounded with a heat-removing matrix whose layer thickness 
ensures both the desired normal conduction resistance for the switch (1) and 
an adequate stabilisation of the super conducting phase. The super 
conducting switch (1 ) can be electrically connected to a super conducting coil 
(2). the windings of the coil (2) also containing fibrous conductors and forming 
a continuous fibrous-conductor strand with the fibrous conductors of the 
switch (1 ). 

- EP0074030 A 19830316 

- EP 198201 07878 19820827 

- 1981-09-05 

- DE19813135177 19810905 

- BBC BROWN BOVERI & CIE (DE) 

- DUSTMANN CORD-HENRICH DR DIPL- 

- H01L39/20 

- H01L39/18 ; H03K17/92 

- FR21 1 4053 A [A]; US3394335 A [A]; FR2445595 A [AD] 
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- Switch with conducting fibres coated in superconductor - connects fibres to 
superconducting coil and positions them near heating wire 

- EP-74030 The superconducting switch (1) changes its resistance from zero 
to a suitably high value when a critical temp, magnetic field or current is 
exceeded. The switch (1 ) consists of conducting fibres coated with a 
superconducting material. The fibres are enveloped in a thermally-conducting 
matrix whose layer thickness, i.e. distance between two fibres, ensures both 
the desired normal resistance and adequate stability in the superconductinq 
phase. 

- TTie switch is located in a circuit containing a superconducting coil (2) also 
comprising fibres coated in a superconductor. Both the switch and the coil are 
made of a continuous strand of coated fibre. The thickness of the coil's coating 
IS greater than that of the switch's superconductor. An insulated heating wire 
(10) IS provided near the switch's fibres.(1/1) 
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